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SHORT CONTACT TIME COAL LIQWFACTION 
1. Techniques & Product Dis t r ibu t ions*  

D. D. Whitehurst &E. 0. Mitchel l  

Mobil Research and Development Corporation 
Princeton, N e w  J e r s e y  

INTRODUCTION 

I n  our inves t iga t ion  of t h e  na ture  and o r i g i n  of asphal tenes  i n  pro- 
cessed coa ls  w e  have concentrated on t h e  chemistry and k i n e t i c s  of  
r e a c t i o n s  accompanying t h e  d isso lu t ion  of coals .  These i n v e s t i g a t i o n s  
have been f a c i l i t a t e d  by t h e  development of two new techniques f o r  
the  s tudy of c o a l  l iquefac t ion  r e a c t i o n s  and t h e i r  products.  F i r s t ,  
we have designed and operated a 300-1 batch autoclave system capable  
of such rap id  i n j e c t i o n ,  sampling, and quenching, t h a t  c o n t a c t  t imes  
a s  s h o r t  a s  15 seconds can be achieved. Second, we have developed a 
rap id  b u t  d e t a i l e d  high pressure  l i q u i d  chromatographic procedure f o r  
c l a s s i f y i n g  c o a l  l i q u i d  products i n t o  t e n  f r a c t i o n s  of known chemical 
func t iona l i ty .  

I n  t h i s  repor t  we w i l l  descr ibe t h e  design and operat ion of t h e  s h o r t  
contac t  time reac tor  and show its c a p a b i l i t i e s , a n d  t h e  types  of infor- 
mation we have obtained,by giving t h e  d e t a i l s  of s e v e r a l  runs.  W e  
w i l l  then present  some of our e a r l y  key f ind ings  on t h e  chemistry and 
k i n e t i c s  of t h e  solvent-refined c o a l  process.  The development and use 
of t h e  f r a c t i o n a t i o n  procedure w i l l  be presented elsewhere 

The type of coa l  l iquefac t ion  method being s tudied  is  exemplified by 
t h e  solvent-refined coa l  process i n  which a s l u r r y  of c o a l  i n  a sol-  
vent  derived from t h e  coa l  i n  t h e  process  i s  passed through a r e a c t o r  
i n  which it i s  heated i n  t h e  presence of H2 under condi t ions  s u f f i c i e n t  
t o  l iquefy  the  coal  and p a r t i a l l y  desu l fur ize  t h e  products .  
acted residue i s  removed and the  remainder d i s t i l l e d  t o  produce a 
v a r i e t y  of products,  including t h e  so lvent  which i s  recycled.  

Coal Conversions: Techniques 

(1). 

The unre- 

Coal Preparat ions - Coals obtained f o r  study i n  t h i s  p r o j e c t  have 
been s tored  i n  wet lump form i n  an i n e r t  atmosphere. A l l  c o a l  prepa- 
r a t i o n s  were conducted under a subcontract  with t h e  Department of A e r o -  
space and Mechanical Sciences,  Pr inceton Universi ty ,  p r o j e c t  t i t l e d  
"Mechanisms of Coal Dissolut ion and Asphaltene Formation, " M. Summer- 
f i e l d ,  p r i n c i p a l  inves t iga tor .  P r i o r  t o  gr inding each sample was placed 
i n  an Oven a t  125OC f o r  1 hour i n  a C 0 2  atmosphere and allowed to  c o o l  
as the  oven cooled. Fragments over 0.5 cm diameter ( f o r  which it was 
assumed no p r i o r  oxidat ion had occurred) were t r a n s f e r r e d  t o  a w a t e r -  
cooled ro ta ry  c u t t e r  and ground i n  a C 0 2  atmosphere f o r  from 0.25 t o  2 
min. ~ l l  subsequent operat ions ( including screening and s l u r r y  formu- 
l a t i o n )  were performed i n  an i n e r t  atmosphere. 

- * This work was c a r r i e d  out  under a jointly-sponsored c o n t r a c t  
between Mobil Research and Developinent Corporation and t h e  E l e c t r i c  
Power Research I n s t i t u t e ,  Contract  #RP-410-1/2. 
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port ions i n  var ious s i z e  ranges were obtained by pass ing  t h e  c o a l  
through a series of s tandard screens shaken by an e l e c t r i c  screen 
v ibra tor  f o r  3 hours-  Agglomeration was prevented by p lac ing  rub- 
ber  s toppers  on each screen. S i z e  d i s t r i b u t i o n s  were determined 
from the  y i e l d  of c o a l  on each screen. 

The coa ls  used i n  t h e  runs described i n  t h i s  paper were West Ken- 
tucky 9,14 (a high v o l a t i l e  B bituminous coa l )  and Wyodak ( a  sub- 
bituminous c o a l ) .  Proximate and u l t i m a t e  analyses  a r e  given i n  
Table 1. P a r t i c l e s  ranged i n  s i z e  from -1 u m  t o  625 y m  ( t h e  ma- 
j o r i t y  being 45-150 v m ) .  

Conversion Apparatus and Procedure - A schematic diagram of t h e  
high pressure autoclave system i s  given i n  Figure 1. The autoclave 
was a conventional 300-ml s t a i n l e s s  s t e e l  autoclave manufactured by 
Autoclave Engineering, E r i e ,  Pennsylvania (#MAIW-5400) with f i x e d  
head, removdble lower u n i t ,  and magnedrive s t i r r e r :  a l l  e x t e r n a l  
connections were through t h e  head. Connections included 1/4" sample 
i n j e c t i o n  l i n e ,  a 1/8" l i q u i d  sample withdrawal l i n e  f i t t e d  with a 
metal  f i l t e r ,  and a 1/16" s t a i n l e s s  s t e e l  shielded dual thermo- 
couple f o r  reading and c o n t r o l l i n g  temperatures, a l l  below t h e  li- 
quid l e v e l .  A l s o  a t tached were gas i n l e t  and gas sampling l i n e s  
above t h e  l i q u i d  l e v e l .  The stirrer d r i v e  was a Cole Palmer Con- 
s t a n t  Speed and Torque Control u n i t  which allowed recording of 
motor torque during a run. The s t i r r i n g  blade was s p i r a l  shaped and 
a s  l a r g e  as p o s s i b l e  t o  produce m a x i m u m  a g i t a t i o n ;  v i s c o s i t y  was 
monitored by measuring t h e  s t i r r e r  torque.  
i n s i d e  the  v e s s e l  i n  d i r e c t  contac t  with the  conten ts .  W e  have in-  
corporated a cool ing water r e s e r v o i r  pressured t o  200 p s i  with N2 t o  
give a high coolant  flow r a t e .  The i n j e c t i o n  system cons is ted  of a 
b a r r e l  with a f l o a t i n g  p i s t o n  i n s e r t  having "0" r i n g  s e a l s .  

To i n i t i a t e  a run a small  amount of solvent  was pumped up i n t o  t h i s  
b a r r e l  from below, then s l u r r y  was forced i n  from below by means of 
a l a r g e  metal  syr inge,  followed by a l i t t l e  more so lvent  so t h a t  no 
s l u r r y  remained i n  t h e  valve.  With t h i s  sequence so lvent  was in- 
j e c t e d  a f t e r  t h e  s l u r r y  t o  f l u s h  a l l  t h e  c o a l  i n t o  t h e  vesse l .  Above 
t h e  p i s t o n  was a reservoi r  of squalane ( e a s i l y  de tec ted  by  our analy- 
t i c a l  system i n  case leaks  occurred) which was pressured  with N2 j u s t  
before  the  i n j e c t i o n .  A l l  l i n e s  throughout the system were f i t t e d  
with appropriate  vents ,  rupture  d i s c s ,  drop-out p o t s ,  check valves ,  
f i l t e r s ,  p ressure  gauges, e t c .  

I n  a t y p i c a l  run, 60 g solvent  was placed i n  t h e  vesse l ,  t h e  u n i t  was 
sea led ,  f lushed twice with H , pressure- tes ted wi th  H 2  a t  t h e  intended 
r e a c t i o n  pressure ,  and vente2 t o  200 p s i .  Heating with an e l e c t r i c  
h e a t e r  and s t i r r i n g  (1200 rpm) were then i n i t i a t e d .  A s  t h e  des i red  
operat ing temperature was approached ( t y p i c a l l y  a f t e r  about 1 h r .  ) 
t h e  i n j e c t i o n  system was sequent ia l ly  loaded with 1 5  g so lvent ,  40 g 
1:l solvent  c o a l  s l u r r y ,  and 5 g so lvent .  The t i m e  between i n j e c t o r  
loading and i n j e c t i o n  was kept  a s  s h o r t  a s  p o s s i b l e  t o  minimize s l u r r y  
s e t t l i n g .  If t h e  run was t o  be very s h o r t ,  the  H2 p ressure  was in-  
creased so t h a t  t h e  d e s i r e d  pressure was reached a f t e r  i n j e c t i o n ,  other- 
wise it was ad jus ted  a f t e r  i n j e c t i o n .  

When t h e  temperature l i n e d  out 1 0 ° C  above t h e  d e s i r e d  temperature,  a 
so lvent  sample was taken from t h e  vesse l  to e s t a b l i s h  t h e  pre- injec-  
t i o n  solvent  composition. 

A cool ing c o i l  was mounted 

The i n j e c t o r  was pressured t o  -100 p s i  
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above the  ves se l  and the  contents  forced i n t o  the  vesse l  i n  about 
1 sec. The temperature drop under these  condi t ions ,  depending upon 
the  temperature and the  exact  amounts of ma te r i a l  i n  t he  ves se l  and 
in j ec to r ,  was genera l ly  50-115OC. Recovery t o  t h e  des i r ed  tempera- 
t u r e  required about .5-1 min; r eac t ion  time was assumed t o  s t a r t  
when t h e  temperature had recovered t o  10°C below t h e  des i r ed  r e a c t i o n  
temperature. A t y p i c a l  time-temperature p r o f i l e  i s  shown i n  F igure  
2 .  Liquid and gas  samples were occas iona l ly  taken during a run: 
pressure was adjusted i f  s i g n i f i c a n t  drops occurred during sampling. 

T O  end a run,  t h e  hea te r  was removed and simultaneously cool ing  water  
flow was s t a r t e d .  The temperature t y p i c a l l y  dropped about 100°C 
within 10 sec. 
to r a i s e  the  pressure  t o  -1200 p s i .  
duced t o  -10 RPM and the  gas  vented over a per iod  of 5 min. through a 
dry ice t r a p  i n t o  an 18 1 evacuated r e se rvo i r .  
t a ined  water, some solvent ,  and some l i g h t  coa l  products. Water was 
determined volumetr ical ly .  The l i g h t  components w e r e  d i s t i ngu i shed  
from solvent  by gas  chromatography. The gas  r e se rvo i r  pressure  w a s  
noted and a sample taken f o r  mass spectroscopy. 

The autoclave vesse l  was then cooled to  room temperature and opened. 
The conten ts  w e r e  removed and s o l i d s  washed ou t  with pyr id ine ;  s o l i d s  
adhering t o  sur faces  w e r e  loosened with a brush. The mixture of 
s o l i d s  and l i q u i d  was passed through a Soxhlet thimble; the thimble 
contents  w e r e  washed with pyridine which was then condined w i t h  t h e  
l i q u i d  por t ion .  The s o l i d s  w e r e  then  ex t rac ted  wi th  pyr id ine  for 16 
h r s .  and t h a t  pyr id ine  added t o  the  o ther  l i qu ids .  The r e s idue  was 
d r i ed  a t  125°C i n  a vacuum oven and s to red  under Ar u n t i l  f u r t h e r  
charac te r iza t ion  was ca r r i ed  out. 

The pyridine was removed from the  combined l i q u i d s  with a r o t a r y  
evaporator. The r e s u l t i n g  mixture of so lvent ,  SRC, and l i g h t  organic  
coa l  products was subjected t o  a vacuum d i s t i l l a t i o n  a t  1 2  nun p ressure .  
A first c u t  was taken a t  13OOC ( t r u e  b o i l i n g  p o i n t  26OOC). I f  t h e  
solvent  was our synthe t ic  solvent ,  t h i s  was i n  t h e  f i r s t  cu t :  t h e  bo i l -  
ing  poin t  of 2-methylnaphthalene is  240'C. A second cu t  was taken a t  
2OOOC ( t r u e  b o i l i n g  poin t  343OC, 650'F). The res idue  was the  SRC. 
Within each d i s t i l l a t e ,  product was d is t inguished  from so lvent  by g a s  
chromatography. The second cu t  was usua l ly  so small  t h a t  it had t o  be 
removed from the  condenser with THF. 

The i n j e c t o r  system was then f lushed with THF t o  remove unin jec ted  
coa l  which was d r i ed  and weighed t o  complete the  mass balance.  

Temperature and pressure were recorded throughout t h e  autoclave run 
on a s t r i p  cha r t .  

A l l  s l u r r i e s  f o r  conversions were about 1:1 coal- to-solvent  by weight 
and w e r e  made up a t  l e a s t  24 h r s .  i n  advance of a run t o  insure  equi- 
l i b ra t ion .  

We have r ecen t ly  converted t o  a new in j ec t ion  system us ing  t h e  same 
b a r r e l  bu t  no p i s ton .  Ins tead ,  t h e  s l u r r y  was dr iven  d i r e c t l y  i n t o  
the  autoclave with H2 .  I n j ec t ions  w e r e  found t o  be e a s i e r  and more 
complete with t h i s  method. The s l u r r y  was simply poured i n t o  the  in-  
j ec to r ,  a so lvent  l aye r  was added, pressure  was appl ied ,  and the  in-  
j ec t ion  made. Washing was as  descr ibed above. 

The temperature was adjusted t o  125OC and H2 was added 
The s t i r r i n g  speed was then re- 

The t r a p  then con- 
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The products of a run were separated Ly- t h e  work-up i n t o  t h e  follow- 
ing  f r a c t i o n s :  H2S,  H 2 0 ,  CO, C02, CH4, C2-C5 ( f u l l y - i d e n t i f i e d  by 
mass spec) ,  C6-2570F ( t h e  contents  of t h e  t r a p ,  cor rec ted  f o r  H 0 
and s o l v e n t ) ,  257-650°F ( the  overhead from t h e  d i s t i l l a t i o n ,  cor rec ted  
f o r  solvent)  , SRC (pyridine-soluble ,  650°F+), and res idue  (pyridine-  
i n s o l u b l e ) .  Elemental analyses of t h e  SRC and res idue  were determined 
by Galbrai th  Laborator ies ,  Knoxville, Tennessee. 

2 

Synthet ic  Recycle Solvent - I n  t h e  choice of a reac t ion  solvent ,  
t h r e e  f a c t o r s  were considered. F i r s t ,  t h e  coa l  products must be d i s -  
t inguishable  from t h e  solvent .  Second, the solvent  must have, as 
n e a r l y  a s  poss ib le ,  p r o p e r t i e s  s imi la r  t o  t r u e  recyc le  so lvents  i n  
t e r m s  of chemical f u n c t i o n a l i t y ,  H-transfer p r o p e r t i e s ,  and a b i l i t y  t o  
s o l u b i l i z e  products.  Third,  t h e  solvent  m u s t  provide a means by which 
t h e  ex ten t  of H-transfer  and t h e  occurrence of thermal or  catalyzed 
s i d e  r e a c t i o n s  (such a s  cracking and isomerizat ion)  could be evaluated. 

The following s y n t h e t i c  solvent composition w a s  chosen: -2% 4-pico- 
l i n e ;  -17% p c r e s o l ;  -43% t e t r a l i n ;  -38% 2-methylnaphthalene. This  
mixture has t h e y r o p e r  amounts of b a s i c  n i t rogen ,  phenol, and hydro- 
aromatics.  
solvent .  

A paper i s  i n  prepara t ion  descr ibing i n  d e t a i l  t h e  r e a c t i o n s  of t h i s  
so lvent  mixture under c o a l  l iquefac t ion  condi t ions,  with and without 
c o a l  or coa l  products  present .  Much has been learned about t h e  che- 
mis t ry  of t h e  SRC process  from t h i s  system. A brief d iscuss ion  w i l l  
be presented h e r e  t o  expla in  t h e  hydrogen consumption d a t a  given i n  
t h e  next  sect ion.  

By following t h e  so lvent  composition, w e  can measure t h e  thermal back- 
ground r e a c t i o n s  by observing the  isomerizat ion of t e t r a l i n  t o  methyl- 
indane. This is not  a f f e c t e d  by the  presence of coa l .  The hydrogen- 
t r a n s f e r  r a t e s  a r e  a f f e c t e d  by coa l ,  poss ib ly  by c a t a l y s i s  by  c o a l  
minerals.  This  is measured by observing t h e  formation of methyl te t ra-  
l i n  from methylnaphthalene (by t r a n s f e r  from t e t r a l i n  t o  form naph- 
t h a l e n e ) .  Correct ion can be made f o r  t h e  reac t ion  i n  t h e  absence of 
c o a l ,  e i t h e r  by c a l c u l a t i o n s  based on methylindane formation o r  by  com- 
par i son  t o  blank runs with solvent  alone. Hydrogen consumption from 
t h e  solvent  by c o a l  o r  i t s  products i s  determined by  observing t h e  
formation of naphthalene and cor rec t ing  f o r  t h e  hydrogen only t r a n s -  
f e r r e d  t o  make m e t h y l t e t r a l i n ,  and t h e  naphthalene produced through 
thermal reac t ions .  The so1vent :coa l  r a t i o s  a r e  high,  and tempera- 
t u r e s  and H-consumption low. Our r e s u l t s  a r e  t h e r e f o r e  n o t  a f fec ted  
by solvent  hydrogen deple t ion  or  an approach t o  thermodynamic equi l ib-  
r i a .  

Coal Conversions: Product Dis t r ibu t ions  

Three key f a c t o r s  i n  c o a l  l iquefac t ion  processes  f o r  which d a t a  and 
understanding a r e  p a r t i c u l a r l y  important are: 1. the r a t e  of conver- 
s ion  t o  soluble  products  and t h e  maximum y i e l d  obta inable ,  2 .  s u l f u r  
removal, and 3 .  t h e  hydrogen consumption required t o  achieve a high 
y i e l d  of low s u l f u r  product.  [Our r e s u l t s  on t h e  chemical na ture  of 
t h e  S R C ’ s  w i l l  be presented  elsewhere (1) .I 

I n  order  to  der ive  t h e  k i n e t i c s  of t h e  conversion of c o a l  t o  soluble  

I t  is more aromatic and lower b o i l i n g  t h a n  a r e a l  recyc le  
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form it i s  necessary t o  develop understanding of r eac t ions  which 
occur very r a p i d l y  during the  i n i t i a l  t ransformations of t h e  coa l .  
Most commercial opera t ions  o r  p i l o t  s tud ie s  now be ing  operated can 
provide da ta  only  of products  t h a t  r e s u l t  from extended r eac t ions  
of coal  and some process  opt imizat ions may not  be observable  under 
these  condi t ions.  It  has  been repor ted  (2)  t h a t  c o a l  can be d is -  
solved r a t h e r  r ap id ly  a t  temperatures 2800OF. The s h o r t e s t  times 
t h a t  were def ined w e r e  2-5 min. I t  was a l s o  noted t h a t  t h e  y i e l d  
of soluble product could ac tua l ly  dec l ine  on extended r eac t ion  a t  
high temperature due t o  char formation. 

The emphasis of t h e  work descr ibed i n  t h i s  r e p o r t  w a s  on developing 
understanding of the chemical na ture  of t he  i n i t i a l l y - s o l u b l e  coa l  
products and mechanisms by which they a r e  formed and in te rconver ted .  
Our i n i t i a l  e f f o r t s  have focused on conversion of c o a l  under mild 
condi t ions (u80OaF), where the  r a t e  of formation of char i s  r a t h e r  
low. This  w i l l  provide the  background information needed t o  s tudy 
coa l  conversion a t  higher  temperatures (charr ing condi t ions)  which 
i s  ona of the  ob jec t ives  of fu tu re  work. 

A series of  conversions of West Kentucky and Wyodak coa l s  was car -  
r i ed  out  a t  800°F, 1000-1300 psig H2 i n  our syn the t i c  solvent .  
balances of t hese  runs a r e  shown i n  Table 2. Product composition 
f o r  these runs i s  summarized below. 

The 

Kentucky Coal 

Run No.  Ext 10.00 9.00 7.00 12.00 
T i m e  (mins.) .oo -50 1.30 40.00 417.00 

SRC Yield 28.00 46.80 76.10 80.11 61.05 
% 0 SRC 9.47 6.68 7.25 5.15 2.93 
% S SRC 2.17 1.51 1.40 1.31 -63 
112 Consp. . 00 -13 .34 .89 1.59 

% Sol.  28.00 50.00 18-20 92-52 96-10 

Wyodak Coal 

Run N o .  E x t  19-00 31.00 
T i m e  (mins. ) 
% Sol .  
SRC Yield 
% 0 SRC 
% S SRC 
H2 COnSp. 

. 00 1.30 137.50 
11.50 45.97 91.52 
11.50 38.53 70.03 
12.20 11.75 5.08 

.70 .53 -37 

.00 .41 2.46 

I t  can be seen from t h e  above da ta  t h a t  conversion of the coa l  t o  
>9Ph soluble  fo rn  occurs very r ap id ly  ( w e  es t imate  -3 min fo r  west 
Kentucky and -20 min f o r  Wyodak). 

I n  order t o  achieve >go"/, s o l u b i l i t y ,  t h e  oxygen content  of t he  West 
Kentucky SRC had only t o  be reduced t o  about 6 w t .  %. The oxygen 
content  sys temat ica l ly  became lower with increas ing  contac t  t i m e  and 
there  appear t o  be two forms of oxygen which a re  k i n e t i c a l l y  d i s t i n c t .  
One form ( 4 0 %  of a l l  the  oxygen) i s  very r ead i ly  l o s t .  The o the r  
form requi res  more vigorous treatment t o  e l imina te  it. This  i s  shown 
i n  Figure 3, where the log of the  % oxygen remaining in  West Kentucky 
coa l  products is plo t ted  aga ins t  time ( t h i s  assumes f i r s t - o r d e r  de- 
pendence) - 
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The organic s u l f u r  con ten t  o f  SRC appears t o  be l i n e a r l y  r e l a t e d  t o  
the  oxygen content  of SRC. This i s  shown-in Figure 4. Again, 40”/, 
of t h e  organic s u l f u r  i s  e a s i l y  removed, b u t  the r e s t  is more d i f f i -  
cu?t .  Thus, merely d i s so lv ing  the  coa l  i s  no t  s u f f i c i e n t  t o  lower 
t h e  s u l f u r  content  t o  acceptable  l e v e l s ,  a t  l e a s t  no t  f o r  West Ken- 
tucky 9.14. 

The ni t rogen con ten t  of a l l  SRC’s w a s  not  s u b s t a n t i a l l y  a f f e c t e d  by 
solvent  r e f in ing  of the coal .  Thus, c a t a l y t i c  processing may b e  
needed t o  lower n i t rogen  content ,  i f  t h i s  i s  required f o r  end use. 

The time-yield behavior f o r  Wyodak and West Kentucky c o a l s  appears 
t o  be d i f f e r e n t .  There may, however, be a common f e a t u r e  i n  t h a t  
t h e  maximum y i e l d  of SRC appears t o  be co-incident with t h e  min i -  
mum t i m e  required f o r  >9C% conversion t o  so lub le  form. This  i s  il- 
l u s t r a t e d  i n  Figures  5 and 6. It  can b e  seen t h a t  t he  y i e l d  of 
SRC from West Kentucky 9,14 coal  con t inua l ly  drops a f t e r  5-10 min. 
of react ion.  This  loss i n  y i e l d  i s  no t  due t o  char  formation, 
however, but  i s  the r e s u l t  of converting SRC t o  so lven t  and l i g h t e r  
products. 

As can be seen i n  Figure 6,  one s i g n i f i c a n t  k i n e t i c  parameter t h a t  
can be used as an a l t e r n a t i v e  t o  time i s  the  percent 0 converted to  
C02 and H20. This parameter is not meaningful when comparing two 
d i f f e r e n t  coals ,  however, a s  t he  amount and chemical type of oxygen 
can vary widely. 

The hydrogen consumption observed f o r  a given c o a l  gene ra l ly  in- 
c r eases  with inc reas ing  degree of s o l u b i l i z a t i o n .  However, t h e  
y i e l d  of SRC vs .  hydrogen consumption goes through a maximum. This 
i s  shown i n  Figure 7. Solvent y i e l d s  become appreciable  only with 
high hydrogen consumption and methane formation appears t o  be a 
major f a c t o r  i n  high hydrogen consumption a t  high conversion l e v e l s .  

Only l i m i t e d  d a t a  a r e  p re sen t ly  ava i l ab le  on the  e f f e c t  of tempera- 
t u r e  on the  r e a c t i o n  k i n e t i c s  o r  s e l e c t i v i t y .  This aspect  of t h e  
work i s  present ly  being pursued. One comparison was made of t h e  con- 
ve r s ion  of W e s t  Kentucky 9,14 coa l  a t  800°F and 850°F a t  30 sec con- 
t a c t  time. The product balances a r e  shown i n  T a b l e  3 .  

I t  can be seen t h a t  even a t  t h i s  short  con tac t  time, major changes 
i n  t he  product are observed on increasing t h e  temperature by N50°F. 
The ove r -a l l  conversion increased by 2@4 and the  y i e l d  of SRC was in- 
creased by about 10%. Increased solvent  range ma te r i a l  y i e l d s  w e r e  
a l s o  observed. Because the  oxygen conversion w a s  s t i l l  below 4PL. no 
add i t iona l  hydrogen consumption was noted. 

A b r i e f  s e r i e s  of runs was made t o  examine the  r e l a t i v e  importance 
o€ H2 and of so lven t  H-donor capaci ty  i n  t h e  e a r l y  s t ages  of l ique-  
fact ion.  The r e s u l t s  a r e  presented i n  T a b l e  4. I t  is apparent t h a t  
i n  the absence of H2 gas ,  and H-donor so lven t ,  hea t ing  t h e  coa l  i n  
pyridine t o  800°F under N 2  pressure f o r  e i t h e r  1.3 o r  60 min d id  not 
i nc rease  the pyridine s o l u b i l i t y  (Soxhlet e x t r a c t i o n )  above t h a t  ob- 
served f o r  untreated coa l .  From run 18 it can b e  seen t h a t  t h e  use 
of 132 without a H - t r a n s f e r  agent r e su l t ed  i n  a small i nc rease  i n  solu- 
b i l i t y .  I n  Run 16 t h e  use  of a H-donor solvent  without H2 gave a sub- 
s t a n t i a l  ixcrease,  approximately douhl i n g  t h e  conversion over 
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ex t r ac t ion  alone. 
t i m e s  t he  conversion. 

These r e s u l t s  suggest t h a t  i n  t h e  ea r ly  s t ages  of l i q u e f a c t i o n  t h e  
a v a i l a b i l i t y  of a H-transfer agent  i s  the most important f a c t o r ,  
although H 2  gas does have an e f f e c t .  The possible  importance of 
mass t r a n s f e r  of l i q u i d  so lven t  and product molecules t o  and from 
t h e  r e a c t i v e  su r face  i s  c l e a r l y  indicated.  complete l i que fac t ion  of 
Kentucky 9,14 coa l  i n  t h e  absence of H2 appears f e a s i b l e  i n  the  p r e  
Sence of a good H-donor. 

I n i t i a l  Products i n  Solut ion 

Information has been obtained on two add i t iona l  facets of coa l  li- 
quefaction: 1. the  na tu re  of t h e  f i r s t  so lub i l i zed  species ,  and 2. 
t he  p o s s i b i l i t y  of m a s s  t r a n s p o r t  l imi t a t ions  on escape of t h e  i n i -  
t i a l  products from t h e  p a r t i c l e s .  

T o  i nves t iga t e  these  a reas ,  w e  needed a Frocedura f o r  d i s t i ngu i sh ing  
between coal  t h a t  has  been dissolved and is r e a c t i n g  b u t  s t i l l  re- 
mains within p a r t i c l e s ,  and species  t h a t  have escaped t o  t h e  bulk 
solvent.  Accordingly, w e  have attached a f i l t e r ,  below t h e  l i q u i d  
level  i n s i d e  t h e  autoclave,  t o  t h e  l i p i d  sampling l i n e .  We can, 
t he re fo re ,  withdraw s o l u t i o n  samples during a run, and t h e s e  samples 
can contain only t h a t  port ion of SRC product t h a t  is  ou t s ide  t h e  
coal  pa r t i c l e s .  (This i s  a l s o  use fu l  i n  scoping conversion vs. time 
to  e s t a b l i s h  appropriate  quench t i m e s  f o r  o the r  runs.)  The SRC con- 
t e n t  of these samples was determined by high pressure l i q u i d  chroma- 
tography. W e  used pu r i f i ed  SRC's from previous high and low conver- 
s ion  runs t o  c a l i b r a t e  the system. A highly-polar so lven t ,  pyridine,  
and a non-activat.ed, t r imethyls i ' ly la ted s i l i c a ,  were used t o  ensure 
complete e l u t i o n  of SRC. Corrections were made f o r  the s y n t h e t i c  
solvent ,  which gives  a very low response t o  our moving h o t  w i r e  de- 
t e c t o r .  

The r e s u l t s  of run AC-31 (Wyodak coal ,  800OF) a r e  r epor t ed  i n  Table 
5. (The observations of molecular weight d i s t r i b u t i o n  changes as 
determined on these samples by g e l  permeation chromatography w i l l  be 
discussed below. ) 

W e  f ind t h a t  a t  l e a s t  i n  t he  f i r s t  four minutes of run AC-31 t h e r e  i s  
less SRC observed i n  so lu t ion  than w e  know had been produced. I n  run 
AC-19, 1.3 min long, 38.5% of the coal was converted t o  SRC; a f t e r  
-3 min i n  AC-31 only 2/3rds of t h i s  amount was observed i n  so lu t ion .  
I t  appears t he re fo re  t h a t  i n  the  i n i t i a l  s t ages  of t h e  r eac t ion  a 
s i g n i f i c a n t  portion of t h e  product remains within t h e  c o a l  p a r t i c l e s .  
I t  must be pointed ou t  t h a t  t he  SRC i n  run AC-19 was obtained a f t e r  
exhaustive pyridine ex t r ac t ion .  The above conclusion i s  va l id  un le s s  
w e  make the  unexpected f inding t h a t  t he  syn the t i c  so lven t  a t  800°C 
i s  a poorer solvent  f o r  SRC than pyridine a t  t y p i c a l  ex t r ac t ion  con- 
d i t i o n s  ( < l O O ° C ) .  

There i s  therefore  a s t rong ind ica t ion  t h a t  even i n  a f a s t - s t i r r e d  
r eac to r  with a good H-transfer  solvent ,  there may b e  r eac t ions  occur- 
r i n g  i n s i d e  coal  p a r t i c l e s  t h a t  could be d i f f e r e n t  from those occur- 
r i n g  outs ide.  The r e s u l t s  of i n i t i a l  s tud ie s  i n d i c a t e  t h a t  SRC con- 
t a l n s  a bimodal molecular weight d i s t r i b u t i o n .  

For cornparison, use of Ha and H-donor gave 2.6 

There i s  a high 
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molecular weight component (>2000 M W ) ,  or very s t rong ly  associated 
complexes of smaller very funct ional  molecules, which i n  the e a r l y  
s t a g e s  represent  up t o  40”L of the product appearing i n  solut ion.  
The r e l a t i v e  concentrat ion of this material then r ap id ly  dec l ines ,  
producing material i n  t h e  300-900 molecular weight range. This i s  
shown i n  Figure 8. For the  conversion of Wyodak c o a l  i n  which t h e  
contents  of t he  autoclave w e r e  sampled with t i m e  and analyzed by 
GPC, t he  r e s u l t s  are shown i n  Table 5. These show t h a t  t he  absolute  
y i e l d  of t h i s  high molecular weight ma te r i a l  (weight % of t h e  c o a l  
f ed )  decreases throughout t h e  run. Liquid chromatographic study of 
t h e  high molecular weight ma te r i a l  shows t h a t  i t  i s  very p o l a r  and 
h igh ly  functional.  Furthermore, w e  f i n d  t h a t  t h e  THF so lub le  por- 
t i o n  of the pyridine e x t r a c t  of W e s t  Kentucky coal  shows none of 
this high molecular weight mater ia l :  t he  THF inso lub le  po r t ion  of 
t h e  e x t r a c t  contains  a s i g n i f i c a n t  amount of high molecular weight 
ma te r i a l .  In add i t ion ,  GPC examination of SRC’s f r o m  our autoclave 
runs with Kentucky c o a l  show high molecular weight ma te r i a l  i n  low 
conversion runs, bu t  very l i t t l e  i n  high conversion runs. The key 
p o i n t  i s  t h a t  on pyridine ex t r ac t ion  o r  a t  very low conversion, t he  
c o a l s  show s i g n i f i c a n t  amounts of high molecular weight ma te r i a l s  
w h i c h  a r e  consumed rap id ly  on fu r the r  conversion ( t i m e s  g r e a t e r  than 
-3 min). 

CONCLUSIONS AND WORK I N  PROGRESS 

From the  da t a  presented h e r e  w e  conclude t h a t  c o a l  d i s s o l u t i o n  i s  
very f a s t  and r equ i r e s  very l i t t l e  hydrogen consumption. The pre- 
s e n c e  of H2 gas i n  the e a r l y  s t ages  of conversion i s  not  c r i t i c a l ,  
b u t  a good H-donor so lven t  must be present.  Su l fu r  and oxygen are 
removed i n  a k i n e t i c a l l y - p a r a l l e l  fashion. About 40% of each may be 
removed r ead i ly  and r a p i d l y  with l i t t l e  or  no H-consumption: there-  
a f t e r ,  considerably more hydrogen i s  consumed than the  stoichiometry 
r equ i r e s  fo r  the production of H2S and H20. The i n i t i a l  products of 
coa l  d i s so lu t ion  contain s i g n i f i c a n t  amounts o f  h igh  molecular weight 
ma te r i a l  which i s  r ap id ly  converted t o  low molecular weight products. 
The h ighes t  SRC y i e l d  i s  obtained e a r l y  i n  the reac t ion  process: i m -  
provement o f  SRC q u a l i t y  i s  accompanied by a decrease i n  y i e l d  and 
a 1&ge increase i n  hydrogen consumption. 

Our present  work includes more de t a i l ed  chemical a n a l y s i s  of t h e  SRC, 
extension of our s t u d i e s  t o  more c o a l s  and a wider range of condi- 
t i o n s ,  and an inves t iga t ion  of possible  mass t r a n s p o r t  l i m i t a t i o n s .  
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Run Number 
Solvent 
C o a l  

Table 2 

Run Balances f o r  Coal Conversions a t  800'F 

Temperature, O F  

Pressuce, p s i q  fi 1 
Duration ( f eed ) ,  2min. 
Y-nn_p Conversion, w t -  % 
Solvent/Coal 

H S  
2 

Water 
co 

c02 
c1 
c -c 2 5  
(C -257'F) 
(2$7-650°F) 
SRC 
MAF Residue 
Balance 
Ash in  Residue 

Duration (So lv ) ,  Min. 
4-Picoline 
E-Cresol 
Methyl Indane 
T e t r a l i n  
Naphthalene 
Methyl T e t r a l i n  
2-Methyl Naph khalene 
H ConsumFtion 2 

FOOTNOTE : 

10.00 9.00 7.00 12.00 19.00 31.00 
Synth Synth Synth Synth Synth Synth 

WKy 14 WKy 1 4  WKy 1 4  WKy 14 Wyodak Wyodak 

800.00 
L348.00 

.50 
50.00 

4.65 
.24 

4.39 
-10 

-49 
.17 

2.51 
.34 
- 0 0  

46.78 
49.76 

104.78 
19.30 
17.00 

1.90 
16.10 

-97 
41.00 

2.24 
-09 

37.67 
-13 

5.00 

800.00 
1300.00 

1.30 
78.2@ 

6.66 
20 

3.46 
-00  

s 54 
-18 

36 
-14 
- 0 0  

76.12 
21.80 

102.80 
31.20 
15.00 

1.90 
16.10 

f 92 
41.22 

2.10 
- 2 8  

37.48 
-34  

798.00 
1160.00 

40.00 
92.52 

4.56 
-61 

4.87 
-16 

-83  
1.18 
1.60 
-22 

2.89 
80.11 

7.46, 
100.00 
53.08 
42.00 

1.87 
16.11 
1.88 

33.41 
8.64 
1.44 

36.62 
-89 

11-00 

800.00 806.00 
1O30.00 1419.00 
417.00 1.30 

95.10 45.97 
9.06 8.48 

-00 -01  
5.16 4.21 

- 3 1  - 2 8  

1.65 1.61 
8.57 -17 

8.47 -21  
1.14 .14 
9.40 -77 

61.05 38-53 
3.93 54.03 

100.00 99.96 
52.50 8.20 

429.00 32.00 
3.20 2.01 

15.80 16.21 
6.50 1.31 

25.30 40.02 
14.50 2.32 
4.70 -30 

29.60 37.76 
1.59 -41  
8.00 

800 - 00 
1072 - 00 
137.50 

91.52 
6.17 

- 0 0  

4.59 

1.28 
6.04 
2.50 
4.53 
. 14 

2.38 
70.03 
8.48 

100.00 
37.21 

149.50 
1.28 

13.07 
2.59 

25.22 
18.13 
2.37 

37.35 
2.46 
10.00 

5)  G a s  a n a l y s i s  queskionable I: 
8 )  Piston p r e s s u r e  r e s i s t e d  syr inqe ;  ba lance  fo rced  t o  t o t a l  recoverad - -  

products - 
10)  Balance f c rced ;  sarnples removed dur ing  run. 
ll! Water con ten t  bssed on oxygen balance.  
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Table 3 

The Effec t  of Temperature on Liauefact ion of W. Kentuckv Coal 

Run N u m b e r  

Solvent  
Coal 

Temperature, OF 
Pressure,  psig, 
Duration (fees), m i n .  
MAF Conversion, wt. % 

H2 

H2S 

c02 

Water 
co 

" 
h 
c -c 
(C6-257'F) 
(257-650°F) 

2 5  

SRC 

'Residue 

Balance 
Ash i n  Residue 

Duration (Solv) ,  Min. 

4-P ico 1 ine  
E-Cresol 
Methyl Indane 
T e t r a l i n  
Naphthalene 
Methyl T e t r a l i n  
2-Methyl Naphthalene 

FOOTNOTE : 

10.00 

Synth 

WKy 14 

800 - 00 

1348.00 
-50 

50.00 

24 
4.39 

- 10 

- 49 
- 17 

2.51 
34 

- 00 

46 - 78 
49.76 

104-78 

19 - 30 
17.00 

1-90  

16.10 
-97 

41.00 

2.24 
-09 

37.67 

5-00  

14.00 

Synth 
WKy 1 4  

847.00 
1012 - 00 

-50 
70.07 

-10 
3.65 
-21 
-83  * 

1.25 
2.71 

-63  
4.38 

56.31 

28.93 
100.00 

16.93 
15.00 
2.14 

16.98 

1.93 
39.55 

1 . 8 2  

-26 

37.31 

7.00 

G a s  ana lys i s  ques t ionable  
Mat ba l .  low; b a l  forced t o  t o t a l  recovered prods; gas ana lys i s  poor 
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Table 5 

Wvodak SRC i n  Solut ion D u r i q q  Run AC-31 

Time, Min. 

1 . 2 0  

3.60 

6.00 

19 - 50 

38.00 

74.00 

137.50 

W t .  Percent of Oricrinal Coal 
Low Molecular H i g h  Molecular 

Weiqht W e  isht T o t a l  

16.86 10.97 27.80 

15.41 6.13 * 21.53 

44.32 8.48 52.80 

44.99 6.70 51.69 

65.71 6.87 72.64 

66.45 4.79 71.24 

70.54 4.03 74-57 

1 4 2  



Run Number 
Solvent 
Coal 

Tem?srature, OF 
Pressure ,  psig H2 . 
Durztion ( feed) ,  m i n .  
r w  Conversion, w t .  % 
Solvent/Coal 

H2S 

c02 

Water 
co 

c -c 2 5  
(C6-257'F) 

(257-650'F) 
SRC 
I4.W Residue 
Balance 
A s h  i n  Residue 

Duration (Solv),  Min. 
&Picol ine 
E-Cresol 
Methyl Indane 
T e t r a  l i n  
Naphthalene 
Methyl T e t r a l i n  
2-Methyl Naphthalene 
H Consumption 

FOOTNOTE : 
2 

Table 4 

C r i t i c a l i t y  of Solvent and Hvdrosen 

16.00 9-00 17.00 
Synth Synth Pyrd 

WKy 14 WKy 14 WKy 14 

800.00 800.00 
- 0 0  1300.00 

1 . 2 8  1.30 
65.36 78.20 

5.04 6.66 
1.00 -20 

5.28 3.46 

. 00 00 
1-90 .54 

-53 - 18 
2.43 -36 

-16 .14 
-58 - 0 0  

58.58 76.12 
37.35 21.80 

107.81 102.80 
20.63 31.20 
21.00 15.00 

1 . 7 8  1.90 
15.43 16.10 

1.79 -92 
38.95 41.22 

2.86 2.10 
- 1 2  - 2 8  

39.03 37.48 
.29 -34 

800.00 - 00 
1.28 

30.95 
5.17 
-00 

4.75 

-00 

-00 
-00 

-00 
-11 

-05 
26.00 
69.05 

100.00 
10.97 
18.00 

-00  
-13  
00 

-37 
- 0 2  
-00  
-27 
-00  

9.00 

12.00 7 - 0 0  
Pyrd Synth 

WKy 1 4  WKy 1 4  

800.00 798-00 
809.00 1160.00 

1.18 40.00 
40.13 92.52 
5.10 4.56 

- 0 0  -67 

4.59 4.87 
-05 -16 
-05 -83 
.OO 1-18 
-05 1-60  

-00 - 22 
-48 2.89 

28.56 80.11 
59.87 7.46 
93.65 100.00 
12.30 53.08 
22.00 42.00 

- 0 0  1.87 
-02 16.11 
-00  1.88 
-25 33.41 
-00 8.64 
-00  1.44 
-18 36.52 
- 0 0  -89 

9.00 11-00 

3.00 
P yrd 

WKy 14 

795 - 0 0  
.oo 

60.00 
29.78 
5 -00 

-00  

-00  

.oo 
1.40 
1.32 
2.01 

.oo 
12.11 
19.67 
63.49 

100.00 
12.02 
60.00 

.oo 
-00 
-00  
.oo 
-00 
f 00 
* 00 
.oo 

2.00 

2) Balance forced: f eed  no t  i n j ec t ed  Sut p r e s e n t  du r ing  heat-up. 
9 )  A 0 assumed t o  f o r c e  balance 17; sane H 0 amount assumed f o r  18. 
11) H 0 content based on oxygen balance. 2 2 
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